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Site-selective control of the reactivity of surface-exposed
histidine residues in designed four-helix-bundle catalysts
Kerstin S Broo, Lars Brive, Richard S Sott and Lars Baltzer
Background: The structure and function of native proteins often depend on
the interplay between ionisable residues with physical properties that have been
fine tuned by interactions with neighbouring groups. Here, we systematically
vary the environment of histidines in designed helix–loop–helix motifs to
modulate histidine pKa values and reactivities.
Results: 25 helix–loop–helix motifs were designed in which surface-exposed
histidine residues were flanked by neutral, negatively charged and positively
charged groups and the histidine’s proximity to the hydrophobic core was
varied. The 57 histidine pKa values were determined by 1H NMR spectroscopy
and found to be in the interval 5.2–7.2 with changes ranging from a decrease of
1.3 pKa units to an increase of 0.7 pKa units compared with the pKa for an
unperturbed histidine residue.
Conclusions: A decrease in the pKa of His34 by 1.3 units was accomplished
by placing it in close proximity to the hydrophobic core and flanking it by
positively charged residues in positions (i, i + 3) and (i, i – 4). Flanking a
histidine residue with a lysine or a histidine in positions (i, i + 3), (i, i + 4) or
(i, i – 4) resulted in pKa depressions of ~0.5 pKa units per residue and additivity
was observed. The increase of the histidine pKa by glutamate residues was the
most efficient in position (i, i + 3), but less efficient in position (i, i + 4). These
principles should be useful in the engineering of novel catalysts.
Introduction
The de novo design of proteins tests our understanding of
the folding problem and opens routes towards the construc-
tion of new proteins. De novo designed four-helix bundles
[1–3], a βαβ-motif [4] and a four-stranded coiled coil [5]
have recently been reported to have well-defined tertiary
structures and it is therefore timely to explore protein func-
tionalisation, for example in the engineering of novel cata-
lysts. Designed and folded polypeptide catalysts have, so
far, been reported that exhibit catalytic efficiencies of more
than three orders of magnitude [6–8] over those of the cor-
responding uncatalysed reactions, but much remains to be
understood about the optimisation of structure and func-
tion. In native proteins, the interplay between ionisable
residues has been fine tuned by evolution and depends on
interactions with neighbouring groups. If the principles
that govern the properties of individual amino acids in
folded polypeptides can be elucidated, the fine tuning of
activity may also lead to improved selectivity and efficiency
in de novo designed polypeptide catalysts.
An important class of reactions in the life processes is that
of acyl-transfer reactions of esters and amides catalysed by,
for example, the serine proteases. Although it has been dif-
ficult to mimic the reactivity of the catalytic triad in model
proteins [9,10], the catalysis of an acyl-transfer reaction by
a histidine-based polypeptide catalyst has been demon-
strated with a catalytic efficiency of more than three orders
of magnitude [6]. Histidine, the most versatile amino acid
in catalysis, has a pKa value that is close to 7 and it can
therefore function as a nucleophilic catalyst, a general-acid
catalyst and a general-base catalyst in aqueous solution
around neutral pH. Histidine can also bind anions in its pro-
tonated form and cations in its unprotonated form. Thus,
the tailoring of the reactivity of histidine can be expected to
be of great interest in a number of catalysed reactions.
The reactivity of the histidine sidechain is governed by its
pKa, as described by the Brønsted relationship:
log k2 = A – αpKa (1)
log k2 = A + βpKa (2)
where k2 is the second-order rate constant and α and β are
the Brønsted coefficients for acid-catalysed and base-cata-
lysed reactions, respectively. In addition, in cooperative
catalysis the efficiency also depends on the degree of ioni-
sation of the participating residues. For example, the coop-
erative behaviour of two histidines, in which one should be
in its protonated form and the other in its unprotonated
form [11], requires that the pKa of the protonated form is
equal to or higher than that of the unprotonated form so
that the concentration of the HisH+–His pair in its correct
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state of protonation is high to provide the most efficient
catalysis. The modulation of dissociation constants of his-
tidines by the engineering of their molecular environment
is therefore expected to be an important tool in the de novo
design of protein catalysts.
Charge–charge interactions are known to affect the free
energies of the ionised forms of acids and bases and, there-
fore, their dissociation constants. The introduction of resi-
dues that are positively charged is expected to decrease the
pKa of a histidine, and the introduction of a negatively
charged residue is expected to increase it. This qualitative
analysis does not provide any clue as to the magnitude of
the effects on the pKa values, however, and, in particular,
does not give any information that can be used in the design
of proteins with predetermined reactivities. The magnitude
of the effect on the pKa of a histidine residue in position i in
a helix by a lysine in position i + 4 cannot be predicted from
a simple electrostatic argument and, in particular, it is not
known whether the effect by a lysine in position i + 4 is
different from, for example, that in position i + 3.
We recently reported on a designed four-helix-bundle cata-
lyst, KO-42, with 42 amino acid residues, that folds into a
helix–loop–helix motif and dimerises to form a four-helix
bundle [6]. The reactive sites of KO-42 are made up of six
histidine residues (Figure 1) and because the 1H NMR
spectrum could be assigned, the pKa values of all histidine
residues have been determined by 1H NMR spectroscopy.
Although many states of protonation coexist in a large part
of the pH interval His15, His30 and His34 were shown to
have depressed pKa values and His11, His19 and His26
were shown to have enhanced pKa values (Table 1) in
comparison with the expected value for a histidine in a
non-interacting random-coil peptide (6.4; [12]). The lowest
pKa values were 5.2, 5.3 and 5.4, whereas the highest
values were 6.9, 7.0 and 7.2. In order to determine the rela-
tive contributions from the surrounding histidines and
other residues to the pKa values and the reactivities of the
histidines, a number of helix–loop–helix motifs have been
designed in which surface-exposed histidine residues have
been flanked by neutral, negatively and positively charged
groups, and in which the proximity of the histidines to the
hydrophobic core has been varied.
Results
The design and structure of the helix–loop–helix motif
The design of the hairpin helix–loop–helix motif (Figure 1)
has been described in detail previously [6,13,14]. In short,
the amino acids were chosen based on their propensities for
helices and turns. The amino acid composition was varied
as much as possible to allow the assignment of the 1H NMR
spectrum and NOE reporter groups were incorporated to
simplify the determination of the global fold. N-terminal
and C-terminal capping was introduced, as were intrahelical
salt bridges and residues capable of stabilising the helical
dipoles. The design of four-helix bundle proteins has been
reviewed recently by Bryson et al. [15].
The structure of KO-42 was determined by NMR and CD
spectroscopy and the state of aggregation was determined
by equilibrium sedimentation ultracentrifugation [6]. KO-42
was found to fold into two helical segments, residues 3–18
and residues 27–42, that were linked by a short loop, and to
form a hairpin motif and dimerise to form a four-helix
bundle. The histidine residues were placed in positions 11,
15, 19, 26, 30 and 34 (i.e. in positions i, i + 4 and i + 8) with
the design idea that nucleophilic unprotonated histidines
should be flanked by protonated hydrogen-bond-donating
histidines and cooperatively catalyse ester hydrolysis and
transesterification reactions. 
The sequence of KO-42 (Table 1) was based on the
sequence of SA-42 [13], a polypeptide with 42 amino acid
residues that was designed to fold into a helix–loop–helix
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Figure 1
The organisation of the reactive histidine residues of KO-42, their
sequence number and their pKa values. (a) A modelled structure and
(b) the amino acid sequence (one-letter code). Only the monomer is
shown for simplicity, although KO-42 has been shown to dimerise. The
sidechains of the histidines are presented in (a).
His11 (6.9)
His15 (5.4)
His19 (7.0)
His26 (7.2)
His30 (5.3)
His34 (5.2)
     1
Ac-N-A-A-D-Nle-E-A-A-I-K-H-L-A-E-H-Nle-A-A-H-
20    23
-G-P-V-D-
       42
NH2-G-A-R-A-F-A-E-F-H-K-A-L-H-E-A-Nle-H-A-A-
KO-42
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(b)
motif and dimerise to form a four-helix bundle. The struc-
ture of SA-42 was previously determined by NMR and
CD spectroscopy and equilibrium sedimentation ultracen-
trifugation, and it too was found to fold into the designed
motif. The difference between the sequences of SA-42
and KO-42 is that five histidines have been introduced in
KO-42 to replace Ala11, Lys19, Gln26, Gln30 and Ala34.
In the sequences that have now been designed, the
residues are the same as those of KO-42 and SA-42 except
that the residues in positions 8, 11, 14, 15, 19, 26, 30, 34
and 37 have been altered systematically to determine the
influence of neighbouring residues on the dissociation
constants of histidines. In most cases, the histidines have
been replaced by the amino acids of the sequence of
SA-42 or by arginine, lysine or glutamic acid residues.
All sequences of the 42-residue peptides reported here
except one, JNIIRREE (Table 1), differ from those of
KO-42 or SA-42 by four residues or fewer. Because exten-
sive structural studies of both of these template peptides
have shown that they fold into helix–loop–helix motifs that
dimerise to form four-helix bundles, the solution structures
of the modified peptides are not expected to deviate sig-
nificantly from those of the template polypeptides. The
measured 42-residue peptide mean residue ellipticities
were found to be in the range –20,000 deg cm2 dmol–1 to
–25,000 deg cm2 dmol–1 which is well within the range of
other designed four-helix bundle proteins.
The introduction of the His–His amino acid pairs was in
most cases based on the patterns (i, i + 4) or (i, i – 4)
because of the geometrical proximity of the sidechains on
the surface of a helix, but the combinations (i, i + 3) and
(i, i – 3) were also investigated. The combination (i, i + 5)
corresponds to an inter-residue distance that is too large
for cooperative HisH+–His catalysis and so does the com-
bination (i, i + 2). A sequentially close histidine residue in
i + 1 is almost orthogonal to a histidine in position i, and is
not expected to lead to cooperativity. Thus, the His–His
combination (i, i + 1) was not investigated.
The effects of flanking lysine, arginine and glutamate side-
chains on the pKa of histidine residues in position i were
probed in positions i + 4, i + 3, i – 1 and i – 4.
The determination of pKa values
The pKa values of the histidine residues were determined
by 1H NMR spectroscopy in D2O solution (Table 1) by
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Table 1
The histidine sites of the modified peptides and the experimentally determined pKa values.
Peptide 8 11 14 15 19 26 30 34 37
KO-42 Ala His (6.9) Glu His (5.4) His (7.0) His (7.2) His (5.3) His (5.2) Ala
SA-42 Ala Ala Glu His (6.5) Lys Gln Gln Ala Ala
LA-42 Ala His (6.4) Glu Lys Lys Gln Gln Ala Ala
MN-42 Ala His (6.6) Glu His (5.7) His (6.8) Gln Gln Ala Ala
JN-42 Ala Ala Glu Gln Lys His (6.8) His (5.7) His (5.7) Ala
MNI Ala His (6.5) Glu His (6.1) Gln Gln Gln Ala Ala
MNII Ala Ala Glu His (6.0) His (7.0) Gln Gln Ala Ala
MNIII Ala Lys Glu His (5.9) Gln Gln Gln Ala Ala
MNIV His (5.5) His (6.6) Glu Gln Lys Gln Gln Ala Ala
MNV* Ala His (6.1/6.3) His (6.1/6.3) Gln Lys Gln Gln Ala Ala
MNKI Ala His (5.6) Lys His (5.6) Gln Gln Gln Ala Ala
MNKK Ala His (6.5) Glu His (5.7) His (6.4) Gln Lys Lys Ala
MNRR Ala His (6.3) Glu His (5.6) His (6.4) Gln Arg Arg Ala
MNKR Ala His (6.3) Glu His (5.6) His (6.5) Gln Lys Arg Ala
MNQR Ala His (6.4) Glu His (5.8) His (6.6) Gln Gln Arg Ala
MNRQ Ala His (6.5) Glu His (5.6) His (6.5) Gln Arg Gln Ala
MNEE Ala His (7.1) Glu His (6.2) His (7.1) Gln Glu Glu Ala
JNI Ala Ala Glu Gln Lys His (6.9) His (5.6) Ala Ala
JNII Ala Ala Glu Gln Lys Gln His (5.6) His (5.6) Ala
JNIII Ala Ala Glu Gln Lys His (6.8) Gln His (5.4) Ala
JNIVb Ala Ala Glu Gln Arg Gln His (6.2) Glu Ala
JNVb Ala Ala Glu Gln Arg Gln Glu His (5.8) Ala
JNVI Ala Ala Glu Gln Lys Gln His (5.6) His (5.2) Lys
JNIIRR Ala Arg Glu Arg Lys Gln His (5.5) His (5.4) Ala
JNIIRREE† Ala Arg Glu Arg Lys Glu His (5.7/6.0) His (5.7/6.0) Glu
*The pKa values cannot be resolved as a result of spectral overlap. †The ionisation shows strongly non-ideal behaviour; fits to the experimental data
that emphasise the early and late parts of the titration are presented.
measuring the chemical shifts of the ring protons versus
pH, under the usual assumption that the isotope effect on
the electrode potential is cancelled by the isotope effect
on the dissociation constant of the histidinium ion. The
measurements of the dissociation constants of the helix–
loop–helix motifs with more than one histidine were
carried out at 46°C because of line broadening and the dif-
ficulties in assigning the 1H NMR spectrum in aqueous
solution at room temperature. As a control experiment, the
temperature dependence of the dissociation constant of
the 4-methylimidazolium ion was measured at 46°C and
at 17°C and the difference in pKa was found to be
< 0.03 units, which is within the experimental accuracy.
The 1H NMR spectra of peptides that contain only one
histidine residue do not have to be assigned and the pKa
values of those peptides were determined at 17°C in 10%
(vol) trifluoroethanol (TFE) solution.
The 1H NMR spectra of SA-42 [13] and of KO-42 [6] were
unequivocally assigned in aqueous solutions containing
small amounts, < 10% (vol), of trifluoroethanol [14] and
the chemical shifts of the histidine residues in aqueous
solution were obtained by extrapolation. The pKa of His15
in SA-42 and of each histidine in KO-42 could therefore be
identified and assigned in aqueous solution. The modified
peptides contained 1–3 histidine residues and for most of
them the pKa values were assigned by comparison with the
values of KO-42, because the dissociation constants of the
histidines in the modified peptides agreed well with those
in the corresponding positions in KO-42. For example, the
pKa of His34 was unequivocally assigned in KO-42 to be
5.2 and that of His26 was 7.2. For JNIII, in which there are
only two histidines (His26 and His34), two pKa values were
determined and found to be 5.4 and 6.8, and for JNII,
which contains His30 and His34, the measured pKa values
were both 5.6. Because it was proven that the pKa of His34
was 5.2 in KO-42 and 5.6 in JNII it could safely be assumed
that His34 had a pKa of 5.4 rather than 6.8 in JNIII. A
similar argument holds for the pKa assignment of the histi-
dine residues in helix I. In peptides for which unambigu-
ous assignments of dissociation constants were not possible
by comparison with those of KO-42, the pKa values of his-
tidines were determined via partial but unambiguous
assignments of parts of the NMR spectra (Figure 2). For
example, the pKa values of the two histidines in MNIV
were assigned from NH–NH connectivities in the NOESY
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Parts of the NOESY spectrum of MNIV used in partial but
unambiguous assignment of histidine residues. (a) NH–NH
connectivities from Leu12 (8.14 ppm) to His11 (7.96 ppm), Lys10
(8.48 ppm), Ile9 (8.58 ppm), and His8 (8.10 ppm). (b) NH–NH
connectivities between β protons of His8 (3.27 ppm and 3.39 ppm)
and His8 ring protons (7.25 ppm) and between β protons of His11
(3.37 ppm) and His11 ring protons (7.33 ppm). (c) Part of the NOESY
spectrum of JNIII showing NOE connectivities between β protons of
His26 (3.44 ppm) and methyl groups of Val22 (0.96 ppm and
1.06 ppm) and β protons of His34 (3.18 ppm) and methyl groups of
Leu12 (0.84 ppm), Leu31 (0.71 ppm) and one or more of overlapping
methyl groups from norleucines and Ile9 (0.78 ppm). The chemical
shifts of the histidine β protons were assigned from ring protons of the
TOCSY spectrum and NOE connectivities from ring protons to
β protons in the NOESY spectrum.
spectrum by identifying which histidine residue was next
to the readily identifiable amino acid Ile9, the only Ile in
the sequence, and which histidine was next to the likewise
readily identifiable Leu12. NOE connectivities between
histidine β protons and ring protons were then used to
assign the titrating protons to a specific residue.
The effect of flanking charged residues on the pKa of
histidines in helical sequences
Flanking histidine residues, i + 4 and i – 4, lower the pKa
values of histidine residues in position i by ~0.5 pKa units
each (Table 1) and the effects appear to be additive. In the
peptide MN-42, in which His15 is flanked by His11 and
His19 (Figure 3), the pKa of His15 is 5.7, 0.8 units below
that of His15 in SA-42. In the peptides MNI and MNII, in
which His15 is flanked by His11 (MNI) or His19 (MNII),
the pKa values of His15 are 6.1 and 6.0, corresponding to
pKa depressions of 0.5 and 0.4 units, respectively. The pKa
of His15 in SA-42 (Figure 4) is 6.5, 0.1 pKa units larger than
the value of a histidine in a random-coil conformation, and
the charged residues that flank the histidine are Glu14
(i – 1) and Lys19 (i + 4). Because of the similarity of the
histidine dissociation constant of SA-42 to that of a non-
interacting random-coil histidine it is suggested that the
putative effects on the pKa by Lys19 and Glu14 are negli-
gible or cancel out. The influence of Lys19 can be esti-
mated from an inspection of the sequence of MNI; which
is the same as that of SA-42 except that Lys19 has been
replaced by Gln19 and Ala11 has been replaced by His11.
The pKa of His15 in MNI is lower than that of His15 in
SA-42 by 0.4 units, a pKa depression that is in good agree-
ment with that expected from the introduction of His11
alone. The effect of removing Lys19, and consequently
the influence of Lys19 on the pKa of His15, is therefore
negligible. Thus, we interpret the pKa of His15 of SA-42 as
being the ‘intrinsic’ pKa of a histidine residue in a helical
sequence and note that the effects of Glu14 and Lys19 are
negligible in SA-42.
A histidine residue at position i + 3 decreases the pKa of a
histidine at position i by a smaller amount than that mea-
sured for the (i, i + 4) configuration. The measured pKa
values of His11 and His14 in MNV are 6.1 and 6.3,
although the pKa values cannot be assigned as a result of
spectral overlap, and a pKa reduction of 0.2–0.4 units is
thus observed. The pKa of His8, which is affected by
His11 in MNIV, is 5.5, but this is mainly a result of interac-
tions with the hydrophobic core, see below. A histidine at
position i – 3 also reduces the pKa by 0.2–0.4 pKa units. In
MNV, the pKa of His14 is 6.1 or 6.3 because of the interac-
tion with His11, and in MNIV, the pKa of His11 is reduced
by the interactions with His14 (i + 3), although the net
result is an increase to 6.6 because of the influence by
Glu14 (see below).
Lys19 has an insignificant influence in position i + 4 in
SA-42 as discussed above, but the unexpectedly small
effect may be a result of the fact that Lys19 in SA-42 has
been shown to be a part of the loop region rather than of the
helix segment and the geometrical relationship between
Lys19 and His15 may, therefore, differ from that in a helical
conformation. In LA-42, His11 has a pKa of 6.5 despite the
fact that Glu14 (i + 3) is expected to exert a strongly
enhancing influence on the pKa of His11 that amounts to
approximately +0.5 pKa units (see below). Thus, in LA-42,
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Figure 3
Excised segment from the modelled structure of MN-42 showing
His15 flanked by His11 and His19. Glu14 has a strong influence on
the pKa of His11, but Lys10 does not.
His15
His19
His11
Glu14
Lys10 Folding & Design
Figure 4
Excised segment from the modelled structure of SA-42 showing the
environment of His15. Lys19 has little influence on the pKa of His15,
probably because it is located in the loop region. Glu14 is in the
position (i, i – 1) and its effect on the pKa of His15 is also insignificant.
His15
Glu14
Lys10
Lys19
Ala8
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the measured pKa of His11 of 6.5 probably results from a
cancellation of the effect by Glu14 by an equally large pKa
decrease by Lys15. It is therefore most likely that lysine
residues at position i + 4 tend to decrease the pKa of histi-
dine sidechains by approximately –0.5 units. The effect of
placing a lysine in position i – 4 relative to a histidine at
position i is also pronounced. The pKa of His15 of MNIII
is 5.9 and the only charged residues close enough to affect
the dissociation constant are Lys11 and Glu14. Glu14 is in
the position (i, i – 1) and has been shown to have a negligi-
ble effect on the pKa of His15 in SA-42. A reduction of
0.6 units in MNIII is therefore ascribed to the influence of
the positively charged Lys11.
Lysines in position i + 3 exert an influence that is com-
parable to that of histidines in positions i + 4 and i – 4
(Figure 5). In JNI and JNII, in which the pKa values of
His30 are 5.6 in both peptides, the influences by His26
(i – 4) and Lys33 (i + 3) in JNI and by His34 (i + 4) and
Lys33 (i + 3) in JNII are the same as those of His26 (i – 4)
and His34 (i + 4) in MN-42. The use of lysine residues
at position i + 3 is, however, a better design strategy for
the depression of pKa values than the use of lysine resi-
dues at position i + 4 because the configuration His (i)–
Lys (i + 4) in the catalysis of acyl-transfer reactions leads
to acylation of the sidechain of the lysine residue [16,17]
and an irreversible decay of the catalyst.
Flanking glutamate residues enhance the pKa values of his-
tidine sidechains. Glu (i + 4) increases the pKa of His30 (i)
by a few tenths of a unit in JNIV in comparison with that
in JNII. By replacing His34 with Glu34 the pKa increases
from 5.6 in JNII to 6.2 in JNIV. In JNV, Glu30 replaces
His30 of JNII and the observed increase in pKa of His34
from 5.6 to 5.8 results from the introduction of the gluta-
mate residue. The ionisation of His30 of JNIV and His34
of JNV show strongly non-ideal titration behaviour, proba-
bly as a result of hydrogen-bond formation between HisH+
and Glu– [18], suggesting that the histidine residues that
have a modified reactivity as a result of the introduction
of Glu (i + 4) or Glu (i – 4) may be less reactive than
intended. This was also demonstrated by experiment; the
reactivities of JNIV and JNV towards mono-p-nitrophenyl
fumarate were too poor to be measured. The use of Glu
(i + 3) residues has a stronger effect on the reactivity of
His (i) sidechains than the use of Glu (i + 4). In MN-42,
the pKa of His11 is 6.6 despite the presence of His15 (i.e.
an increase by 0.5 pKa units is suggested to result from
Glu14; Figure 3). An even more pronounced effect is
observed in JN-42, in which the pKa of His26 is 6.8, as a
result of Glu29, although there is a histidine residue in
position i + 4, His30. The replacement of Glu14 in MNI
by Lys14 in MNKI leads to a reduction of the pKa of
His11 by 0.9 pKa units. The introduction of Glu (i + 3) is
therefore a powerful design tool for the increase of the pKa
of His (i) residues. The pKa of His26 is ~7 in a number of
peptides, despite the fact that it is close to the N-terminal
positively charged dipole end of helix II and would be
expected to be < 6.4. It is apparently controlled by Glu29.
Long-range effects on pKa values in helix–loop–helix motifs
The effects on the pKa values of histidine sidechains by
residues in the adjoining helix depends on charge, but is
largely insensitive to the identity of the residue. In a series
of peptides — JNIIRR, MNKK, MNKR, MNRR, MNQR,
MNRQ — it has been demonstrated that the pKa values of
all the histidines are reduced by ~0.2–0.4 pKa units relative
to those in JN-42 and MN-42. The incorporation of gluta-
mate residues increases the pKa values by similar amounts.
Long-range effects on the pKa values of histidine residues
by residues on the surface of folded polypeptides are there-
fore modest, non-specific and of only moderate interest in
catalyst design.
The effect of interactions with the hydrophobic core on the
pKa values of histidine residues
In KO-42, the pKa of His34 (Figure 1) is 5.2, more than
1 pKa unit below that of a random-coil histidine. This sur-
prisingly low value is only partly a result of the effects of
flanking charged residues; the removal of His11, His15
and His19 increases the value by 0.5 pKa units (JN-42).
Replacing His30 with Gln30 does not increase the pKa of
His34 (JNIII); a small decrease can in fact be observed
amounting to two tenths of a unit; the pKa is 5.4 instead of
5.6. The surprisingly low value must therefore result from
other factors; the 1H NMR spectrum suggests that these
factors are the interactions with the hydrophobic core of
the four-helix bundle and because the unprotonated form
of His34 interacts favourably with the hydrophobic inte-
rior whereas the protonated form does not. The 1H NMR
spectrum of JNIII has been assigned from the TOCSY
spectrum in 90% (vol) H2O:D2O (90:10) 10% (vol) TFE,
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Figure 5
Excised segment from JNII showing the histidine residue pair His30
and His34. The combined effects of Lys33 and His34 lower the pKa of
His30. The proximity of His34 to the hydrophobic residues in the core
is the main factor in reducing its pKa.
Glu29
Lys33
His30
His34
Ala37
Phe35
Leu31
Leu12
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and the β protons of His26 and of His34 have been identi-
fied. In the NOESY spectrum, NOE connectivities bet-
ween His34 and the methyl groups of Leu31, Leu12 and
one or more of overlapping Ile9 and two norleucines have
been observed, whereas His26 only shows NOE connectiv-
ities to the methyl groups of Val22 (Figure 2). The results
strongly suggest that His34 is at least partly embedded in
the hydrophobic core of the four-helix bundle, and that the
unusual pKa value may be the result of a destabilisation of
the protonated and positively charged form of His34 that
increases the dissociation constant. The histidine residues
His11, His15, His19 and His26 do not interact with the
residues in the hydrophobic core whereas NOE connectiv-
ities between His30 and Leu31 have been identified in the
NOESY spectrum of KO-42. To test this design feature,
Ala8 was replaced by His8 (MNIV) to engineer a second
site capable of interactions with the core. The pKa of His8
in MNIV is 5.5 and the depression of the pKa thus amounts
to 1 pKa unit. Despite the fact that the histidine residue in
JNII is partly embedded its reactivity still follows the
behaviour expected from its pKa value [11]. The second-
order rate constant for the JNII-catalysed hydrolysis of
mono-p-nitrophenyl fumarate in aqueous solution at
pH 5.1 and 290K is 0.054 s–1 M–1, which is larger than the
value for JNI, which is 0.010 s–1 M–1. The pKa values of
JNII are 5.6 and 5.6 and those of JNI are 5.6 and 6.9.
The design of helix–loop–helix motifs with histidine
residues that have depressed pKa values
The most efficient design feature for increasing a histidine
dissociation constant in helix–loop–helix motifs is the posi-
tioning of the residues close to the hydrophobic core and
those flanking the histidine: Lys (i + 3), His (i + 4) and His
(i – 4). In an attempt to engineer a more efficient catalyst by
reducing the pKa of His34, which is close to the hydro-
phobic core, it was flanked by Lys (i + 3) and His (i – 4) in
the peptide JNVI. The resulting pKa of His34 was 5.2, a
reduction by 1.3 pKa units relative to that of His15 of
SA-42. The reactivity of MNI in which the pKa of His11 is
6.5 and that of His15 is 6.1 is modest with a second-order
rate constant for the hydrolysis of mono-p-nitrophenyl
fumarate of 0.011 s–1 M–1. In comparison, the second-order
rate constant for the reaction catalysed by JNII, in which
both pKa values are 5.6, is 0.054 s–1 M–1. In order to enhance
the reactivity of MNI, Glu14 was replaced by Lys14 to
reduce the pKa of His11 and in the resulting peptide,
MNKI, His11 has a pKa of 5.6 and that of His15 is also 5.6.
The resulting second-order rate constant is 0.041 s–1 M–1,
which shows that the replacement of one amino acid
residue may have a considerable effect on the reactivity of a
polypeptide catalyst in a rational design process.
The pKa values of histidine residues in single helices
Some of the amino acids that affect the pKa values of his-
tidines in helix–loop–helix motifs were introduced in a
number of 20 amino acid helical peptides that had
sequences based on that of helix I in SA-42 [19]. The CD
spectra of the single-helix peptides were highly concentra-
tion dependent and the absolute values of the mean
residue ellipticities were low. The pKa values of the histi-
dine residues in the single-helix peptides were all approxi-
mately equal (6.8 ± 0.1). It appears that an inherent
property of single-helix peptides is that they are not able
to accommodate charge repulsions in the folded state, but
instead the helical content decreases. The design of mod-
ulated pKa values of histidines in single helices is not,
therefore, expected to be a fruitful strategy in the de novo
design of catalysts.
The reactivities of histidine-based catalysts are determined
by the pKa values of the histidine residues
The reactivities of designed helix–loop–helix dimers to-
wards p-nitrophenyl esters depend on the pKa values of the
participating histidine residues. The second-order rate con-
stants for the hydrolysis of mono-p-nitrophenyl fumarate in
aqueous solution at 290K were determined for a number of
polypeptide catalysts and the observed pH dependence
(Figure 6) was compatible with a reaction mechanism at low
pH that included cooperative nucleophilic and general-acid
catalysis [11]. At high pH, the catalyst was found to follow a
non-cooperative reaction mechanism in which each histi-
dine residue functioned through nucleophilic catalysis. The
pH profiles clearly show the change in mechanism as the
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Figure 6
The pH dependence of peptide-catalysed hydrolysis of
mono-p-nitrophenyl fumarate in aqueous solution at 290K. The JNII
catalysed pathway dominates at low pH because of the increased
acidity of the protonated histidines. At pH 6–6.5 the peptides have an
approximately equal catalytic efficiency because the peptides function
through a non-cooperative mechanism that is determined by the relative
pKa values. The second-order rate constants for the JNI-catalysed and
JNIII-catalysed hydrolysis of mono-p-nitrophenyl fumarate should be
similar at high pH because the pKa values of the histidines are similar.
The observed difference in rate constants has not yet been explained.
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histidine residues become unprotonated with increased pH
and that the reactivity relative to that of 4-MeIm at low pH
increases with decreased pKa values of the nucleophilic and
general-acid catalyst. The control of reactivities of histidine-
based catalysts through the modulation of their relative
acidities has therefore been accomplished by rational design.
Discussion
Factors affecting the pKa values of histidine residues
Several residue–residue interactions that affect the pKa
values of histidines have been identified by the systematic
modification of a helix–loop–helix motif. The largest effect
resulted from the embedding of His34 in the hydrophobic
core of the hairpin motif, which caused a decrease of
~1 pKa unit. His34 in the peptide JNIII is surrounded by
the residues Gln30, Lys33 and Ala37, but their influence
can be deduced to be small in comparison with the dissoci-
ation constant of His11, which is not affected by the
residues Lys10 and Lys15 [17] in a helical conformation in
the 42-residue helix–loop–helix RA-42. In addition, the
observation of crosspeaks that show NOE contacts between
His34 and Leu12 and between Leu31 and some over-
lapping methyl groups in the hydrophobic core clearly
demonstrate that interactions occur with these amino acid
sidechains. The effects of hydrophobic interactions that at
least partly mimic the interactions in the interior of a
protein has thus been identified and exploited.
Interestingly, His34 occupies the d position in the repeating
heptad (abcdefg)n of helix II, if Leu31 is taken as the a posi-
tion, whereas all other histidines appear in c or g positions.
The a and d positions in amphiphilic helices are occupied
by the hydrophobic residues that make up the core. His34
is therefore expected to be close to the central core of the
four-helix bundle. To test the hypothesis that partial
embedding in a hydrophobic environment may reduce the
pKa of a histidine, a histidine was introduced in a position
that was expected to bring it into close contact with the
hydrophobic residues of the core. His8 in the peptide
MNIV was found to have a pKa of 5.5, which is close to that
of His34, and the observation of NOE crosspeaks showed
that it interacts with the hydrophobic residues of helix I
(Figure 2). The proximity to the hydrophobic core is thus a
main factor in the control of histidine pKa values. The
introduction of charged residues next to the histidines that
interact with the core has, however, a smaller effect on
dissociation constants than the introduction of charged
residues next to more exposed histidines. The introduction
of Lys37 and His30 only reduces the pKa of His34 by
0.3 pKa units beyond what results from its embedding in
the hydrophobic core, whereas the additive effects on
His11 by His15 and Lys14 in MNKI are considerably
larger, 0.9 pKa units.
The influence of flanking lysines on the pKa of histidine
residues has been demonstrated for positions (i, i – 4),
(i, i + 4) and (i, i + 3) and it amounts to approximately
–0.5 pKa units. Histidines affect the dissociation constants
from positions (i, i – 4), (i, i + 4) and (i, i + 3). Histidine
residues of approximately equal pKa reduce those of each
other, but histidine residues that differ in pKa by ≥ 1 unit
will experience a pKa depression of the strongest acid,
whereas the stronger base titrates in the presence of an
unprotonated residue and its pKa is not, therefore,
affected. Interactions that involve the positions (i, i – 1)
are weak and can be ignored. As a general rule, positively
charged residues can be used to depress the pKa values
and the magnitudes for surface-exposed histidines have
now been established. There does not appear to be any
hydrogen-bond formation between two histidine residues
or between histidine and lysine because the titration
curves are nearly ideal, and the observed pKa depressions
are most likely to be a result of charge–charge repulsions
between the predominantly populated rotamer conforma-
tions. In contrast, the introduction of flanking glutamate
residues in positions (i, i – 4), and (i, i + 4) gives rise to
strongly non-ideal titration behaviour as well as poor solu-
bility and the pKa increases of a few tenths of a pKa unit.
The use of glutamate residues in these positions does not
appear to be useful in the tailoring of the reactivities of
histidine sidechains. In contrast, the introduction of gluta-
mate (i, i + 3) has a strong enhancing effect on the pKa of a
histidine, but retains close to ideal titration behaviour,
which implies that the reactive histidine is not tied up in
strong hydrogen bonding that reduces its catalytic activity.
The combined effects of several residues are shown to be
additive in several polypeptides and the most dramatic
pKa decrease was accomplished in the peptide JNVI, in
which a value of 5.2 was accomplished by the combined
influence of the hydrophobic residues, Lys37 and His30.
The cooperativity appears to reach a ‘saturation level’ for a
reduction of slightly more than 1 pKa unit, although this is
based on only a single observation. In the case of JNVI,
the saturation may be because His34 is partly buried in
the hydrophobic core and therefore geometrically more
distant from Lys37 and His30.
Because the tools of biotechnology allow the engineering
of reactive sites almost at will, the observed ‘rules’ should
also be applicable in the redesign of native proteins for the
tailoring of new functions and reactivities. It is expected
that the electrostatic effects will be larger in the lower
dielectric medium on the inside of a protein cavity and the
possibilities for tailoring the reactivities of histidine cata-
lysts will, therefore, be even larger. It is also expected that
the pKa of other residues will follow the general principles
that control the pKa of histidine residues.
The reactivities of histidine-based catalysts
The reactivity of histidine-based polypeptide catalysts
has been shown to depend on the cooperative activity of
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protonated and flanking unprotonated histidine residues
in helices [6,11]. The unprotonated histidine functions
through a nucleophilic mechanism with a Brønsted β value
of 0.8, and the protonated histidine provides general-acid
catalysis with a Brønsted coefficient α of ~0.6. A nucleo-
phile with a given pKa that catalyses a reaction with a Brøn-
sted coefficient < 1.0 will be a more efficient catalyst than a
catalyst with a higher pKa if the reaction is carried out at a
pH below the pKa of the conjugate acid of the weaker
nucleophile, despite the fact that a stronger base is a more
reactive nucleophile. This results from the fact that the
reactivity falls off with a factor of 100.8 per pKa unit but the
fraction of active and unprotonated nucleophile falls of
with a factor of 101.0 per pKa unit. General-acid catalysis is
more efficient the lower the pKa of the general acid. It
follows that the more the pKa values are depressed at low
pH, the more efficient, relatively, the catalysis by the
HisH+–His pair becomes. This is clearly borne out by the
reactivities of the polypeptide catalysts and some of the
pH profiles are shown in Figure 6. The most reactive
HisH+–His pairs are those with the lowest pKa values for
the reactive residues and the most reactive catalysts are
those with the most reactive HisH+–His pairs coupled with
positively charged residues capable of transition-state
binding in the adjoining helix [11].
The magnitude of the reactivity enhancement at low pH,
which is a result of the effect of increasing acidities, can be
calculated from Equations 1 and 2 and compared to the
reactivity of the HisH+–His pair in the absence of a pKa
depression. The reactivity of JNII with two pKa values of
5.6 is enhanced by a factor of five at pH 5.1 in comparison
with that of a peptide two with ‘normal’ histidine pKa
values of 6.5, using a coefficient β of 0.8 and coefficient α
of 0.6 [11]. The further reduction to a pKa of 5.2 has been
accomplished in the peptide JNVI and, for comparison,
the calculated second-order rate constant of a peptide with
two pKa values of 5.2 would, at low pH, be more than an
order of magnitude larger than that of the unperturbed
peptide. At high pH (i.e. at a pH at which the cataly-
tic residues are completely unprotonated) the effects of
enhancing the pKa are much larger. The increase of the
reactivity of a nuclophilic histidine by 1 pKa unit would by
itself provide a rate enhancement of almost an order of
magnitude, again using a Brønsted coefficient of 0.8. The
reactivity differences in the reactive sites of proteins
would then be correspondingly larger.
Although the magnitudes of the rate enhancements pre-
sented here will not bridge the reactivity gap between the
designed polypeptides that have been reported to date and
native enzymes, they do present a source for the further
fine tuning of de novo designed catalysts. Because the
effects of such modifications can be expected to be similar
but larger in the hydrophobic milieu of a protein, they may
be of general use in rational design of catalytically active
proteins. The effects that are obtained in helix–loop–helix
motifs are large, but the ones that are observed in single
helices are insignificant. It is very likely that the helix–
loop–helix motif offers substantial advantages in the design
of catalysts with tailored reactivities, but that ultimately
rationally designed reactive sites are best embedded into
native proteins with suitable active-site geometries.
Conclusions
The proximity of a histidine residue to the hydrophobic
core of a helix–loop–helix motif has been shown to cause a
drop in the pKa value by ~1 pKa unit. Flanking lysine and
histidine residues decrease the pKa of histidines by
~0.5 pKa units when placed in position i – 4, i + 4 or i + 3
relative to the histidine in position i. Glutamate residues
in position i + 3 enhance the pKa of histidines in a highly
specific manner. The inter-residue interactions are weak
in helices of low helical content, such as in aggregated
single helices, but in motifs with high conformational sta-
bility the fine tuning of histidine basicity and nucleophili-
city may become an important precision tool in the
engineering of novel designed catalysts.
Materials and methods
The synthesis and purification of the 42-residue peptides have been
described previously in detail for SA-42 and KO-42 [6,10]. The peptides
described here were synthesised using the standard protocols of a
PerSeptive Biosystems Pioneer automated peptide synthesiser and
Fmoc amino protection groups. The peptides were cleaved from the
resin by a mixture containing 4.5 ml trifluoroacetic acid, 250 µl thio-
anisole, 150 µl ethanedithiol and 100 µl anisole at room temperature for
2 h, and the cleaved peptides were precipitated by the addition of cold
diethyl ether, centrifuged and lyophilised. They were purified by reversed-
phase HPLC, using isocratic mixtures of 38–41% (vol) isopropanol in
0.1% trifluoroacetic acid on a C-8 semipreparative Kromasil, 7 microns
column. The purities of the peptides were checked by analytical HPLC
under similar conditions and the identities of the peptides were estab-
lished by electrospray mass spectrometry, using a VG ZabSpec sector
instrument equipped with a hexapole electrospray ionisation source.
The 1H NMR titration experiments were carried out using a 400 MHz
Varian Unity NMR spectrometer equipped with a matrix shim system
from Resonance Research Inc. The chemical shifts of the ring protons
of the histidine residues were recorded in D2O solution. The pH was
adjusted by the addition of dilute DCl and NaOD and measured
directly in the NMR tube by a narrow-bodied pH electrode that was cal-
ibrated against buffer prior to each measurement. The chemical shifts
were measured relative to the water signal of the remaining HDO.
The NOESY and TOCSY experiments were carried out using a
500 MHz Varian Unity NMR spectrometer operating at 50°C, in 90%
(vol) H2O:D2O (90:10, v/v) and 10% (vol) trifluoroethanol-d3, as
described previously. The 90° pulses were typically 9 µs, the spin-lock
pulses were 20 µs, the relaxation delays were 1.5 s, the NOESY mixing
time was 250 ms, and the TOCSY spin-lock time was 60 ms. The
acquisition times were 200 ms and data matrices of 2 × 256 incre-
ments were recorded for the 1.5 mM peptide solutions at pH 4 and
processed using linear prediction.
CD spectra were recorded using a Jasco J-720 spectropolarimeter, oper-
ating at room temperature, and 0.1 mm cuvettes. Each spectrum was the
average of four scans and it was baseline subtracted before measure-
ment of the mean residue ellipticity at 222 nm. The instrument was rou-
tinely calibrated with (+)-10-camphorsulfonic acid. The concentration
of peptide was determined by quantitative amino acid analysis.
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